The 2-aminoethylphosphonate transaminase (AEPT; the phnW gene product) of the Salmonella enterica serovar Typhimurium 2-aminoethylphosphonate (AEP) degradation pathway catalyzes the reversible reaction of AEP and pyruvate to form phosphonoacetaldehyde (P-Ald) and L-alanine (L-Ala). Here, we describe the purification and characterization of recombinant AEPT. pH rate profiles (log V m and log V m /K m versus pH) revealed a pH optimum of 8.5. At pH 8.5, K eq is equal to 0.5 and the k cat values of the forward and reverse reactions are 7 and 9 s ؊1 , respectively. The K m for AEP is 1.11 ؎ 0.03 mM; for pyruvate it is 0.15 ؎ 0.02 mM, for P-Ald it is 0.09 ؎ 0.01 mM, and for L-Ala it is 1.4 ؎ 0.03 mM. Substrate specificity tests revealed a high degree of discrimination, indicating a singular physiological role for the transaminase in AEP degradation. The 40-kDa subunit of the homodimeric enzyme is homologous to other members of the pyridoxalphosphatedependent amino acid transaminase superfamily. Catalytic residues conserved within well-characterized members are also conserved within the seven known AEPT sequences. Site-directed mutagenesis demonstrated the importance of three selected residues (Asp168, Lys194, and Arg340) in AEPT catalysis.
2-Aminoethylphosphonate (AEP) and its N-alkylated derivatives are the most abundant and ubiquitous of naturally occurring phosphonates (16) . These are typically found as conjugates of glycans (7) , lipids (3, 19, 31) , and proteins (15) , which in turn perform essential biochemical functions in specialized lower organisms. In pathogens, AEP conjugates are used for host infection and persistence. Thus, the enzymes responsible for AEP metabolism are prime targets for inhibitor development.
AEP is synthesized by a variety of organisms according to the pathway shown in Fig. 1 (6, 24, 36) . Because of its natural abundance and resistance to acid-, base-, and phosphotransferase-catalyzed hydrolysis (16) , soil-dwelling bacteria have acquired a unique pathway for the degradation of AEP to usable forms of carbon, nitrogen, and phosphorus ( Fig. 1) (8, 18, 22, 28, 33) .
Cloning and sequencing of genes for the Salmonella enterica serovar Typhimurium AEP pathway operon revealed a cluster of seven genes (phnR to phnX) that are activated by the Pho regulon under conditions of phosphate deprivation (18, 23; W. W. Metcalf, W. Jiang, and B. L. Wanner, unpublished data). Based on sequence similarities at the protein level, PhnR is thought to act as a transcriptional regulator (S.-K. Kim, W. Jiang, K. A. Datsenko, K.-S. Lee, and B. L. Wanner, unpublished data), PhnS is thought to act as a periplasmic binding protein, PhnT is thought to act as an ABC family traffic ATPase, and PhnU and PhnV function as the integral membrane channel proteins. PhnW and PhnX are the AEP pathway enzymes AEP aminotransferase (AEPT) (EC 2.6.1.37) and a phosphonoacetaldehyde (P-Ald) hydrolase (trivial name, phosphonatase), respectively (35) . Phosphonatase has been isolated from several bacterial sources, including Salmonella serovar Typhimurium, and both its three-dimensional structure (26) and mechanism of action are well characterized (5, 13, 22, 26, 27) . AEPT was not as well understood.
Previous studies of AEPT structure and catalysis have focused on the Pseudomonas aeruginosa enzyme (12, 13) . In agreement with the mass predicted by its gene sequence (encoding a 147-residue protein; GenBank accession number U61982), the P. aeruginosa AEPT was reported to be a homotetramer of 16.5-kDa subunits (12) . The enzyme requires the cofactor pyridoxalphosphate (PLP), has a pH optimum of 8.5 to 9.0, and is specific for pyruvate as the amino group acceptor and AEP as the amino group donor. During catalysis, the pro-S proton of AEP is abstracted (21) .
Based on the phnW sequence, Salmonella serovar Typhimurium AEPT is predicted to be 367 amino acids in length, about twice the reported size of the P. aeruginosa AEPT. Sequence analysis of the Bacillus cereus AEPT gene (GenBank accession number AY077635) (4) identified a 355-amino-acid protein, similar in size to the Salmonella serovar Typhimurium AEPT. Sequence alignments revealed 40 to 52% sequence identity among different AEPT sequences. The P. aeruginosa AEPT sequence aligns with the C-terminal halves of the Salmonella serovar Typhimurium and B. cereus AEPT sequences, suggesting that they possess an N-terminal domain in addition to the C-terminal catalytic domain that they have in common.
In this paper, we describe the isolation and kinetic properties of recombinant Salmonella serovar Typhimurium AEPT and provide evidence that it is a homodimer of 40-kDa subunits. Through sequence comparisons with amino acid transaminase homologues, we identified probable substrate and PLP binding residues. By using site-directed mutagenesis, we confirmed that these residues are important in catalytic functioning. Since two of the residues (D168 and K194) are located within its Nterminal half, the full-length protein is required for catalytic activity. Based on the P. aeruginosa genome sequence (30) (GenBank accession number NP 250001), the AEPT gene encodes a 371-residue protein homologous to the Salmonella serovar Typhimurium AEPT, thus providing a consistent picture of AEPT structure and catalysis. The initial sequence of the P. aeruginosa AEPT has an internal stop codon absent from the genome sequence. As in Salmonella serovar Typhimurium, the P. aeruginosa phnW and phnX genes are juxtaposed.
MATERIALS AND METHODS
AEPT activity assay. P-Ald formation was monitored at 340 nm (ε ϭ 6.2 mM Ϫ1 cm Ϫ1 ) using 1-ml reaction mixtures containing 20 mM AEP, 5 mM pyruvate, 0.5 mM ␤-NADH, 100 M PLP, 10 U of alcohol dehydrogenase, 2 U of phosphonatase, and 5 mM MgCl 2 in a 50 mM potassium salt of N-tris(hydroxymethyl)methylglycine (K ϩ TRICINE) (pH 8.5; 25°C). AEP formation was monitored at 340 nm (ε ϭ 6.2 mM Ϫ1 cm Ϫ1 ) using 1-ml reaction mixtures containing 2.5 mM P-Ald, 20 mM L-Ala, 0.5 mM ␤-NADH, 100 M PLP, 10 U of lactate dehydrogenase, and 5 mM MgCl 2 in 50 mM K ϩ TRICINE (pH 8.5; 25°C).
AEPT preparation. Salmonella serovar Typhimurium phnW was PCR amplified using pWM67 (18) as a template and cloned into pET3a to generate pTAS. The cloned gene was verified by DNA sequencing. A pTAS transformant of Escherichia coli BL21(DE3) was grown aerobically at 37°C in Luria-Bertani medium containing 50 g of ampicillin/ml. Protein production was induced with 1 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) ca. 13 h postinoculation when the cell density reached an optical density at 600 nm of 0.93. The cells were harvested after 4.5 h by centrifugation at 18,000 ϫ g for 15 min and then resuspended in 140 ml of buffer (10 mM KH 2 PO 4 , 1 mM dithiothreitol, 5 M PLP; pH adjusted to 7.5 with KOH) at 0°C. The cell suspension was passed twice through a French press at 16,000 lb/in 2 and clarified by centrifugation at 18,000 ϫ g for 30 min at 4°C. Powdered ammonium sulfate was slowly added to the supernatant with gentle stirring at 0°C to 45% saturation. The mixture was centrifuged at 18,000 ϫ g for 30 min (4°C). The pellet was dissolved in 50 ml of buffer and dialyzed against the same buffer at 4°C. The dialysate was chromatographed on a preequilibrated 3.5-by 40-cm DEAE-cellulose column. The column was eluted with 2 liters of a linear gradient of NaCl (0 to 0.5 M) in buffer.
The AEPT eluted at approximately 0.2 M NaCl. The enzyme was concentrated using an Amicon YM30 membrane and dialyzed against buffer to yield 13 mg of AEPT/g of wet cells. The sample was stored in buffer at Ϫ80°C for 2 months without significant activity loss. N-terminal amino acid sequence determination. Salmonella serovar Typhimurium AEPT was transferred from an unstained sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel to a polyvinylidene difluoride membrane using the protocol provided by Novex. The N-terminal sequence was determined by Edman degradation by using an Applied Biosystems 470 gas phase protein sequencer. The N-terminal amino acid sequence is TSRNYLLLT PGP, indicating that Met1 was removed by posttranslational modification.
AEPT molecular mass determination. The molecular mass of the AEPT monomer has a calculated value of 40,117.68 Da based on its predicted amino acid sequence (assuming loss of Met1 and determined using the program Compute pI/M w on the ExPASy Molecular Biology Server [2] ). The AEPT subunit mass was measured by SDS-PAGE (4% stacking gel and 12% separating gel) analysis carried out with commercial protein molecular weight (MW) standards. From the plot of log MW versus distance traveled, the AEPT subunit mass of 42 kDa was determined. The mass of native AEPT was estimated by using fast protein liquid chromatography gel filtration chromatography (Sephacryl S-200; buffer, 10 mM KH 2 PO 4 , 1 mM dithiothreitol, 5 M PLP; pH adjusted to 7.5 with KOH) carried out with commercial protein MW standards. From a plot of log MW versus elution volume, the molecular mass was determined to be ϳ100 kDa. 
VOL. 184, 2002 AEP TRANSAMINASE
Steady-state kinetic-constant determination. The steady-state kinetic catalytic constants V max and K m were measured at pH 8.5 and 25°C using the two spectrophotometric coupled assays described above. Reactions were carried out at 5 mM pyruvate and various concentrations (1 to 10 mM) of AEP, at 20 mM AEP and various concentrations (0.1 to 5 mM) of pyruvate, at 20 mM L-Ala and various concentrations (0.04 to 1 mM) of P-Ald, or at 2.5 mM P-Ald and various concentrations (0.2 to 10 mM) of L-Ala. The initial-velocity data were fitted to the Michaelis-Menten equation (9) .
Initial-velocity data were also measured at various P-Ald concentrations (2.5 to 25 mM) and L-Ala concentration (5 to 40 mM). The data were plotted in double-reciprocal form to yield the parallel pattern of a ping-pong reaction. The equilibrium constant for the reaction was calculated from the V max and K m derived from the initial-velocity data by using the Haldane equation (equation 1) for a Bi-Bi ping-pong mechanism:
where V f is maximum velocity in the P-Ald-forming direction, V r is maximum velocity in the AEP-forming direction, and K m is the Michaelis constant for the given substrate. pH rate profile determination. Initial-velocity data were measured as a function of the reaction pH by using the following buffers at the indicated pHs: 50 mM potassium salt of 2-(N-morpholino)ethanesulfonic acid (pH 6.0 and 6.5), 50 mM potassium salt of N-(2-hydroxyethyl)piperazine-NЈ-2-ethanesulfonic acid (pH 7.0 and 7.5), 50 mM K ϩ TRICINE (pH 8.0 and 8.5), 50 mM potassium salt of 3-(cyclohexylamino)-2-hydroxy-1-propanesulfonic acid (pH 9.0 and 9.5), and 50 mM potassium salt of 3-(cyclohexylamino)-1-butanesulfonic acid (pH 10.0 and 10.5). The V max and V max /K m values were determined as described earlier and fitted to equation 2, 3, or 4:
where
is the hydrogen ion concentration, K a is the acid dissociation constant, and K b is the base dissociation constant. Construction of site-directed AEPT mutants. Mutagenesis was done using a PCR strategy (14) based on pTAS as the template, commercial primers, the PCR kit supplied by Stratagene, and the Power Block IITM System thermal cycler manufactured by ERICOMP. PCR-amplified DNAs were cloned into pET3a (Stratagene) for expression in E. coli BL21(DE3). The mutated genes were verified by DNA sequencing. The mutant proteins were purified as described above for the wild-type AEPT and were shown to be homogeneous on the basis of SDS-PAGE analysis. The yields of the pure proteins were as follows: 3.6 mg/g of cells for D168A, 10.3 mg/g of cells for K194R, 11.8 mg/g of cells for K194L, 19.1 mg/g of cells for R340K, and 4.3 mg/g of cells for R340A.
RESULTS AND DISCUSSION
Purification. The Salmonella serovar Typhimurium LT-2 phnW gene was PCR amplified using pWM67 (18) as a template and cloned into the pET3a expression vector to generate the pTAS clone. Following induction, a pTAS transformant of E. coli BL21(DE3) yielded AEPT at 13 mg/g of wet cells. The identity of AEPT and the posttranslation removal of Met1 were confirmed by N-terminal sequencing. The enzyme was purified in two steps: ammonium sulfate precipitation followed by DEAE-cellulose chromatography (Fig. 2) . The mass of the monomer was estimated to be 42 kDa (40117.68-Da theoretical mass), while the mass of the native enzyme was found to be ca. 100 kDa. These results suggest a homodimeric quaternary structure, which has been observed for structurally related amino acid aminotransferases.
Kinetic properties. The reaction catalyzed by AEPT takes place in two partial reactions (Fig. 3) . In the first partial reaction, a Schiff base is formed between AEP and PLP, which then undergoes hydrolysis to P-Ald and pyridoxamine. During the second partial reaction, pyruvate displaces P-Ald at the substrate binding site, where it forms a Schiff base with the pyridoxamine. The Schiff base is then hydrolyzed to form L-Ala and PLP. The plot of the reciprocal velocity versus the reciprocal P-Ald concentration measured at changing fixed L-Ala concentrations is parallel (data not shown), consistent with a Bi-Bi ping-pong kinetic mechanism. The steady-state kinetic constants measured at pH 8.5 and 25°C for homogeneous enzyme (Ͼ95% pure) for the P-Ald-forming direction are k cat , 7.4 s Ϫ1 ; AEP K m , 1.11 Ϯ 0.03 mM; and pyruvate K m , 0.15 Ϯ 0.02; and for the AEP-forming direction, they are k cat , 9. pH optimum. To determine the optimal pH range for AEPT catalysis, the pH rate profiles of the AEPT-catalyzed P-Ald formation (Fig. 4A ) and of AEP formation (Fig. 4B) were measured using initial-velocity techniques. For the P-Aldforming reaction, the V max was constant between pH 6.5 and 9.5. The V max /K m value for AEP was constant between pH 8 and 9.5 but decreased with decreasing pH below pH 8. The computer fit of the V max /K m data gave an apparent pK a of 7.0 Ϯ 0.2. For the AEP-forming reaction, the V max was highest between pH 7.5 and 8.5. The V max decreased below pH 7.5 and above pH 8.5. The V max /K m value for L-Ala reflected a narrow pH optimum, dropping both above and below pH 8. The computer fit of the V max data gave an apparent pKa of 6.9 Ϯ 0.3 for the break on the acid side and an apparent pKa of 8.9 Ϯ 0.3 for the break on the base side. From the V max /K m profile, these values are 8 Ϯ 1 and 9 Ϯ 1, respectively (however, note that pKa values that are not separated by Ͼ1 pH unit are not accurately defined). The pH dependencies observed for the forward and reverse directions of the transaminase-catalyzed reactions are clearly different. This difference shows that the pH dependence arises from the requirement for specific protonation states of binding and catalytic groups rather than from a pH-induced conformational change leading to loss of activity. The differences in the pH profiles observed for the forward and reverse directions reflect the differences in ionization requirements for enzymesubstrate complexes as well as the positions of proton transfer steps relative to rate-limiting steps. Owing to the numerous proton transfer steps that are likely to occur and to the lack of structural data, it is not possible at this time to assign the measured pK a values to specific active-site groups.
Substrate specificity. Transaminases function in amino acid metabolism, where one amino acid (the NH 3 donor) is deaminated to form an ␣-ketoacid while a second ketoacid accepts the NH 3 group to form the corresponding amino acid (29) . The predominant NH 3 acceptor in the cell is ␣-ketoglutarate (which forms glutamate). In the reaction catalyzed by the Salmonella serovar Typhimurium (this study) or P. aeruginosa (10) AEPT, pyruvate serves as the NH 3 acceptor from AEP, thus forming L-Ala and P-Ald. The specificity of the Salmonella serovar Typhimurium AEPT transaminase towards other potential amino group acceptors was examined to determine if AEPT functions in a metabolic pathway in addition to the AEP degradation pathway. In particular, we were interested in the possible role of AEPT in phosphonoalanine (P-Ala) metabolism. Like AEP, P-Ala is a ubiquitous natural aminophosphonate (32) . P-Ala can be synthesized from phosphonopyruvate (the phosphonate common to all phosphonate biosynthetic pathways characterized to date) via transamination and converted to phosphonopyruvate by the reverse process. Catalysis of this transamination reaction was tested using phosphonopyruvate-L-Ala and phosphonopyruvate-L-Asp reactant pairs. (A convenient assay to test the reverse direction was not available.) No detectable activity was observed (the k cat detection limit was 10 Ϫ4 s Ϫ1 ). To further examine the substrate specificity of AEPT, the common NH 3 acceptors ␣-ketoglutarate and oxaloacetate were tested in the AEPT-catalyzed deamination of AEP, LAla, or L-Asp (Table 1) . No activity was detected with oxaloacetate as the NH 3 acceptor (the k cat detection limit was 10 Ϫ4 s Ϫ1 ). While ␣-ketoglutarate was converted to L-glutamate with L-Ala or L-Asp serving as the NH 3 donor, this occurred at a very low rate: 0.25 and 0.5% of the k cat observed with P-Ald. Thus, the Salmonella serovar Typhimurium AEPT appears to be a highly specialized transaminase functioning only in AEP metabolism.
The stereospecificity of the pyruvate-AEP transamination reaction was examined by comparing the relative reactivity of L-Ala and D-Ala as NH 3 donors in the amination of P-Ald. The k cat and K m with D-Ala as the NH 3 donor were measured at various concentrations (3 to 20 mM) of D-Ala in the presence of saturating concentration (3 mM) of P-Ald (K m ϭ 0.028 Ϯ 0.005 mM). For the reaction of D-Ala, k cat was 0.04 s Ϫ1 and K m was 11 Ϯ 3 mM, whereas the kinetic constants measured for L-Ala are k cat , 9.3 s Ϫ1 , and L-Ala K m , 1.4 Ϯ 0.03 mM. These results indicate a preference, but not an absolute requirement, for the L isomer.
Identification of potential catalytic groups. A recent search of the GenBank database, using the advanced BLAST search tool (1), revealed seven probable AEPT gene sequences, including six of bacterial origin and one from Leishmania major. In L. major, as well as in at least one bacterium (Bacteroides fragilis), AEPT functions in the biosynthetic pathway where phosphoenolpyruvate is converted to AEP as shown in Fig. 1 . In five other bacteria (Salmonella serovar Typhimurium, B. cereus, Vibrio cholerae, Sinorhizobium meliloti, and P. aeruginosa), AEPT probably functions in AEP degradation. Pairwise alignments between sequences revealed 30 to 64% identities. Residues conserved among all seven sequences constitute 12% identity. Among the conserved residues are the polar residues S65, N89, Y92, H140, E142, T143, D168, S171, K194, S221, Q229, T243, Y329, and R340.
Homologues that have activities different from that of AEPT include serine-pyruvate transaminases, phosphoserine transaminases, alanine-glyoxylate transaminase, aspartate transaminase from Methanobacterium thermoformicicum, isopenicillin N epimerase (gene, cefD), cystathionine synthase, and cyanobacterial soluble hydrogenase. All of these transaminases belong to a class of aminotransferase folds called subgroup IV (25) . A search of the SCOP protein database using the 3D-PSSM search tool (20) identified the structural homologues phosphoserine aminotransferase and cystathionine synthase with 95% certainty. An alignment generated by ClustalW (34) of AEPT, serine-pyruvate transaminase, and phosphoserine transaminase sequences identified nine common residues, three of which (D168, K194, and R340) correspond to catalytic groups found in members of the amino acid transaminase superfamily. By analogy to the roles played by these residues in members of the transaminase superfamily, K194 may function in AEPT to bind the PLP cofactor as the Schiff base, D168 may function in H bonding to the PLP N(1)H, and R340 may function in binding the L-Ala carboxylate group (Fig. 3) . To evaluate D168, K194, and R340 as possible catalytic residues in AEPT, they were replaced by site-directed mutagenesis. The site-directed mutants, K194R, K194L, R340A, R340K, and D168A, were prepared using PCR techniques, and the mutant proteins were purified to homogeneity. The steadystate kinetic properties of the AEPT mutants are shown in Table 2 . Catalytic activity in the mutant enzymes D168A, K194R, and K194L was undetectable, even when large amounts of enzyme (0.2 mg/ml) were used in the assays. Under these conditions, the detection limit for activity was ca. 10 Ϫ4 s Ϫ1 . The R340K and R340A AEPT mutants were partially active.
Mutagenesis studies of the conserved Asp, Lys, and Arg have been carried out on several amino acid transaminases. The aspartate transaminase is, however, the most thoroughly investigated of the transaminases (11, 17) . We compared the kinetic properties of the D222, K258, and R386 mutants of the E. coli aspartate transaminase with the kinetic properties of the corresponding D168, K194, and R340 AEPT mutants. The D222A mutant of aspartate transaminase is active, but 3,000-fold less active than the wild-type enzyme. No activity was detected (detection limit, 10 Ϫ4 s Ϫ1 ) for the D168A AEPT mutant, indicating that the k cat is reduced by at least 100,000-fold. The K258A and K258R mutants of aspartate transaminase were found to be inactive, as were the AEPT K194L and K194R mutants. The k cat of the R386K mutant of aspartate transaminase was reduced by 55-fold, while the Asp K m increased 18-fold. The k cat of the R340K mutant was reduced 35-fold, and the AEP K m was increased 20-fold. The aspartate transaminase R386A mutant proved to be inactive, whereas for the R340A AEPT mutant, the k cat was ca. 40-fold lower than that of the wild-type enzyme and each of the substrate K m values was elevated.
Since it is has been postulated that the conserved Arg in the amino acid transaminase superfamily (R386 in the Asp transaminase) has a role as a docking site for the substrate carboxylate substituent, we surmised that in the AEPT, R340 may function in binding the carboxylate of the L-Ala. As mentioned earlier, AEPT displays stereopreference for the L-Ala enantiomers. To test the hypothesis that stereoisomer discrimination derives from the interaction of the L-Ala carboxylate with R340, the stereospecificities of the R194 mutants were measured and compared to that of the wild-type AEPT. The steady-state kinetic constants measured with L-Ala and D-Ala are listed in Table 3 . As predicted, the ability of AEPT to discriminate between the L and D forms of Ala is lost in the R194 mutants.
Conclusions. AEP synthesis and degradation are dependent on AEPT. We have shown that AEPT is homologous both in structure and catalytic mechanism to members of the aminotransferase family. Through demonstration of stringent AEPT substrate specificity, its singular function in AEP pathways has been shown. Thus, AEPT is a suitable target for drug development aimed at AEP-dependent microbial pathogens. 
